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g£gIIpN I 
INTRODUCTION 


1.1 PURPOSE. SCOPE AND ORGANIZATION 

The purpose of the Design Guide is to document a step-by-step, easy 
to use design methodology for aircraft structures envisaged to operate in the 
postbuckled regime. The guide is directed principally at designers and 
structural engineers. 

This second release of the Design guide covers static design and 
analysis methods for flat and curved panels loaded in uniaxial compression, 
shear or combined compression and shear loading. Stiffened panels made of 
composites as well as metals are addressed. The emphasis in this Guide is on 
illustrating the iterative design procedures based on simplified analytical 
tools and on demonstrating the use of the special purpose computer program 
PBUKL written to accomplish the design task. Analysis details are kept to a 
minimum since a more complete documentation of the predominantly semi- 
erapirical analysis used in the program is given in Reference 1. The 
analytical expressions presented in the Guide are those that nea^i^ be used 
in addition to the program. Procedures for executing the computer program are 
documented in Reference 2. An attempt has been made to maintain commonality 
in the design approach for metal and composite panels. Differences in design 
considerations for the two material types, e.g., failure modes and the 
anisotropic nature of composites, are highlighted where appropriate. 

1.2 GENERAL CHARACTERISTICS OF POSTBUCKLED PANELS 

Stringer or longeron and frame stiffened panels are widely used in 
aircraft construction. In many of these stiffened panel applications, 
particularly for fuselage structures, significant efficiency gains can be 
realized if the skin or web between the stiffeners is permitted to buckle well 
below the design limit load. The efficiency advantage in such a design is a 
direct result of the ability to use thin skins and widely spaced stiffeners. 
The reduction in the number of stiffeners that results from a wider spacing 
also translates into lower manufacturing costs. 
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The load carrying capabi.:lty of stiffened panels after skin buckling 
is due to the redistribution of a majority of the applied load Into the 
discrete stiffeners and an effective width of skin, assuming that the skin is 
continuously connected to the stiffeners. By appropriate design of the 
stiffeners, therefore, the load carrying capacity of postbuckled panels can be 
enhanced to several times the skin Initial buckling load asstimlng failure 
occurs by stiffener crippling. 

The structural response of postbuckled stiffened panels depends on 
the nature of loading and the panel geometry, i.e., whether the panel Is flat 
or curved. The postbuckllng behavior of compression panels is characterized 
by the appearance of sinusoidal buckles in the skin between stiffeners 
accompanied by a simultaneous increase in the fraction of the total load 
resisted by the longitudinal stiffeners (stringers). After initial buckling, 
the applied compression load is carried by the stringers and a small effective 
width of the skin adjacent to the stringers. As the compression load is 
increased beyond the initial buckling load, the buckles in the skin become 
deeper and may also change in number. If the panels are made of metal, 
eventual failure can occur in several possible modes such as permanent set in 
the skin, stringer crippling, stringer yielding or Euler buckling of the panel 
as a whole. For fiojr-reinforced composite panels where the common design 
practice is to cocure the stiffeners with the skin, panel failure can occur by 
stiffener skin disbonding, stringer crippling or Euler buckling of the entire 
panel. 


The characteristic response of postbuckled panels under shear 
loading is nearly identical to that of partial tension field beams. At 
initial buckling, the skin in shear panels buckles into diagonal folds. The 
angle of these diagonal folds depends on the panel aspect ratio and curvature. 
After initial buckling, the applied shear load is resisted by axial loads 
induced in the stringers (chords) and the frames or rings (uprights), as a 
result of the diagonal tension in the buckled skin. The angle of the folds is 
determined by the direction of the diagonal tension component in the skin 
resulting from the applied shear. The possible failure modes in metal shear 
panels are permanent set in the skin, forced crippling of the stringers and/or 
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frames due to the axial compression load and the buckles in the skin, or 
stiffener yielding. In composite panels, failure can occur by skin rupture 
due to the diagonal tension stress, forced crippling of the stiffeners and 
rings, or by disbonding of the skin and the stiffeners. In addition, 
irrespective of the type of material used, excessive stiffener flexibility may 
lead to shear buckling of the panel as a whole. 

At initial buckling under combined uniaxial compression and shear 
loading, the skin buckles into a combination of diagonal folds and sinusoidal 
buckles along the compression axis. The resulting buckle pattern is a set of 
diagonal folds that are square at the diagonal ends and are at a shallower 
angle than the diagonal folds produced by pure shear loading. Due to the 
interaction of the shear and compression loads, buckling occurs at loads lower 
than the pure shear and pure compression buckling loads. Failure prediction 
for panels under combined loads can be obtained by generating a failure load 
envelope as shown in Figure 1 and locating the failure load for a given 
compression to shear load ratio. The possible failure modes under combined 
loading are the same as previously mentioned for pure shear and pure 
compression loading. An additional consideration for combined loads is that 
prediction of stiffener crippling and skin rupture must now account for load 
interaction effects. 

The complexities of load redistribution after skin buckling and 
existence of multiple failure modes, make the use of rigorous analysis 
techniques to design postbuckled structures prohibitive. The methods 
presented in the Design guide, therefore, are semi-empirical and intended for 
rapid iterative design. 
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Overall Panel Instability 
Euler Buckling Stringer/Ring 
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Figure 1. Schematic of a Failure Envelope for Postbuckled Composite Panels Under 
Combined Compression and Shear Loading. 






SECTION 2 

DESIGN METHODOLOGY 




2.1 OVERVIEW OF DESIGN PROCEDURE 

A flow chart summarizing the design procedure for flat and curved, 
composite or metal panels is shown in Figure 2. The various steps Involved in 
the design procedure are detailed in the following paragraphs. The underlying 
analytical basis for detail design of the panels is documented in Reference 3. 
The analysis procedure outlined in Figure 2 is coded in computer program 
PBUKL. Detailed instructions for the use of this program are given in 
Reference 2. The equations for analysis incorporated in program PBUKL pertain 
to cylindrically curved composite panels and to flat composite panels if the 
radius of curvature in the latter case is set to a very high value (of the 
order of 10^®). Use of appropriate values for the elastic constants in the 
program permits its direct application to metal panels. In this section, the 
methodology for accomplishing detail design using PBUKL is demonstrated. 
Examples are given in Section 3 to illustrate the application of the 
methodology. 

2.2 DESIGN CRITERIA 

The design criteria that need to be established at the outset are: 

(a) Materials and material properties, 

(b) Design allowable stresses and strains, and 

(c) Initial skin buckling load and its relationship to load factor 
(g-level) and the design llm^t load. 

The material properties that should be established are the elastic constants 
and the ultimate compression strains (tcu) stresses (Feu)- The latter 
values are required in the stiffener crippling calculations. The ultimate 
compression stress values for metals can be obtained from MIL-HDBK-5. For 
composite materials typical of current usage on military aircraft (e.g., 
T300/5208, AS/3501-6 graphite epoxies) the ultimate strain e^u either be 
determined from unnotched coupon tests or the following values may be used. 
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Ccu ~ 0.012 for laminates with at least 40 percent 0-degree plies 
- 0.015 otherwise (1) 

Design data required for composites are the allowable strains In 
compression and tension which can be considerably lower than the ultimate 
values. 


The general guideline to be followed in defining the initial 
buckling load is that the skins must not buckle under loads equivalent to 1-g 
or less. The 1-g condition corresponds to level flight or ground storage. In 
order to realize the potential advantages of postbuckled designs, the skin 
buckling loads must be set between 25 to 35 percent of the design limit load 
(DLL). Thus, the shear flow at design ultimate load (DUL) ranges between 4 to 
6 times the initial skin buckling shear flow for a constant compression to 
shear load ratio. The critical static load conditions provide the basis for 
defining the design ultimate internal shear flow and compression that the 
panel must sustain without rupture or collapse. 

2.3 CONFIGURATION SELECTION 

The overall structural requirements, to a large extent, dictate the 
selection of a stiffened panel configuration. The size and curvature of the 
panel are determined by panel location on the actual structure. In many 
instances the frame spacing is predetermined by the overall structural 
configuration and, thus, only the stringer spacing needs to be determined in 
preliminary design. Selection of a stringer spacing and frame spacing is 
interrelated with the design of the skin for a specified buckling load. These 
geometric parameters, therefore, are determined in the preliminary design 
stage. 

The most significant decision to be made at this stage is the 
selection of stringer and frame configurations, i.e., the stiffener cross- 
sectional shapes. The primary considerations in selecting stiffener cross- 
sectional shapes are structural efficiency, manufacturing ease, and simplicity 
of attachment to substructure. The most popular concepts in metal designs 
have been open-section stiffeners such as I-, J-, Z-, inverted hat and blade 
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sections since they facilitate Joints and splices and attachment to 
substructure. In addition, closed section stiffeners such as hat stiffeners 
have also been used. In composite panel designs the same stiffening concepts, 
with the exception of Z-sectlons, can be used. Z-section stiffeners are not 
desirable since the single skin attach flange in cocured or adhesively bonded 
construction does not provide adequate strength under pull-off loads in 
practical designs. 

As a first step in choosing a cross-sectional shape for the 
stiffeners, a weight comparison of the different concepts for given loading 
conditions is necessary. Recognizing that the stiffeners in postbuckled 
panels are axial compression load carrying members and that the stiffeners as 
a whole remain stable up to failure, weight comparisons carried out for 
stiffened panels under compression loading can be used to evaluate relative 
efficiencies. Several analytical and experimental studies (e.g.. References 4 
through 7) have been conducted to evaluate the relative efficiencies of the 
commonly used stiffening concepts for metals and composites. The results of 
Reference 6, in particular, are useful in guiding the selection of stiffener 
configuration on the basis of weight. These results are svmmarized in Figure 
3, reproduced from Reference 6. As is evident from Figure 3, the graphite 
epoxy J- and blade configurations have similar structural efficiencies. 
However, for graphite-epoxy, the hat section stiffeners provide a 32 percent 
higher efficiency and, thus, are most desirable in minimizing weight. The 
trends are similar for metal panels with the hat stiffeners providing a 22 
percent efficiency gain as compared to the open section stiffeners. For both 
material t 3 rpes, the J-section stiffeners have a slight edge in efficiency 
(approximately 5 percent) over blade stiffeners. 

The higher efficiency of hat stiffeners and the ease of 
manufacturing and attachment of open sections implies that the final stiffener 
cross-section selection will be a compromise. In general, for curved 
frame/longeron or curved frame/stringer tjrpe construction, hat section 
stringers and J-section frames provide an efficient combination. For floating 
frame/stringer type construction used only in metal panels, inverted hat 
section stringers and J-section frames may be desirable. 
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Figure 3. Compression Load Structural Efficiency Comparison for 
Hat-, J-, and Blade Configurations (Reference 6). 
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2.4 


PRELIMINARY DESIGN 


The design variables calculated In preliminary design are the skin 
thickness and the stiffener spacing. The design drivers are the skin initial 
o o 

buckling loads Njjcr *^xycr- limiting criteria are the minimum permis¬ 
sible skin thickness (0.04 inch for graphite/epoxy and 0.02 inch for aluminum) 
and a reasonable stiffener spacing. The design variables to be selected are 
shown in Figure 4 where one bay of the curved panel is shown. The stiffener- 
cross -sectional shapes shown are for reference only. 

The calculations are carried out by first fixing the frame or ring 
spacing, hf, and selecting a skin thickness. For composite panels, the number 
and orientation of plies must also be tentatively selected. If the frame 
spacing is not predetermined by the overall structural configuration then a 
value between 15 inches and 30 Inches for frame/stringer construction may be 
selected. For frame/longeron construction, the frame spacing may range 
between 4 Inches to 10 inches. 

In order to size the skin, a good starting point is minimum gage 
thickness dictated by prevalent design practice. The skin thickness may have 
to be Increased in metal panels if countersunk fasteners have to be 
accommodated. Metal skin mid-bay thicknesses in the range of 0.05 inch to 
0.063 inch are most commonly used. Lands milled in the metal skins under 
stiffeners can serve to accommodate the countersunk fasteners. 

Available design data show that for composite panels skin 
thicknesses slightly greater than the minimum permissible gage are adequate 
for postbuckled structures. Ply orientations that are predominantly ±45* are 
most efficient for buckling critical designs. As in conventional composite 
construction, the stacking sequence should be balanced and symmetric. Biwoven 
or unidirectional graphite/epoxy may be used to fabricate the skins. The 
improved drapabillty of woven graphite/epoxy facilitates layup of curved 
skins. Unidirectional 0-degree and 90-degree plies are usually included in 
the skin layup to resist transverse axial loads or pressure if these loads are 
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present In addition to the shear and the longitudinal compression. Since the 
O's and 90's can be used as single plies as opposed to the ±45's which must be 
used in pairs, the former are also more convenient in building up skin 
thickness to a specific requirement. 


On the basis of above consideration, if the buckling load 
requirements have to be met then layups such as [±45125• [^l4 [45 2 /0/ 450 1 . 

[45/90/0/90/451, where _ denotes a woven ply, may be initially selected for 

the skin laminate. Extra plies may be added during the course of the design 
iteratlon. 

o 

Shear Buckling of Skin (N^ycr) 

o 

The next step consists in calculating the skin buckling load 
as a function of the stringer spacing hg. These calculations have to be 
carried out for each skin thickness being considered and in the case of 
composites for each ply layup. The shear buckling stress for composite skins 
can be calculated using program SS8 documented in Reference 8. The skin 
boundary conditions are assiimed to be simply supported at the curved frames 
and at the stringers. The curved metal panel Initial buckling stress can be 
calculated using the following equation: 


^cr, elastic - 


2 2 

K ,ir E.h 
si s 

12r2z2 

2 2 

K E.h 
_&2 _ E 

12r2z2 


if hr 2: hs 


if hr ^ hj 


where, 


Ksl* Ks 2 “ critical shear stress coefficients for simply 
supported curved plates determined frota 
Figures 5 and 6 (Reference 9). 


12 








" “6'’ Shorter Sn’st'’"^"' 
^p~- Straight Edg 


Fs —^ "*F , 

^‘■frn-J/el*/. 


«L^4 


Sii 


^or . 

^"Ser tJe? 







For flat metal skins the elastic buckling stress is determined using the 
following equation: 


^cr 



( 2 ) 


with 


Ks - 4.83 + 3.61 


fh V 


(3) 


which is plotted in Figure 7. 

The metal panel skins in both cases are assumed to be simply 
supported at the stringers and the frames. 

In Equations 2 and 3, 


hs is stringer spacing, Inches 
hf is ring or frame spacing, Inches 
R is panel radius, inches 
t is skin thickness, inches 

Ec is the compression modulus of the skin, psi 
h^ - 2 - 

Z - y (1 - j/2) if hr ^ hg 

Rt^ 

hi - 2“ 

- -C y (1 - 1/2) if hg 2: hr 

Rty 

v is the Poisson's ratio for the skin material. 
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Figure 7. Shear Buckling Cociflclent for Flat Panels. 
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The compression buckling stress for curved metal sheet panels can be 
calculated from; 


^CR 


K jr^E 
c _ 

12 ( 1 - 1 / 2 ) 



(4) 


where, 


f'CR 

E.i/ 

Kc 


buckling stress, psi 
thickness of the skin, Inches 
effective width of skin panel. Inches 
modulus and Poisson's ratio for the sheet metal 
buckling coefficient determined from Figure 8 
(Reference 9) 


The theoretical value of Is obtained from the buckling equations for thin 
cylindrical shells and is a function of the nondlmenslonal curvature Z of the 
panel expressed as 


Z 


rtw 



(5) 


where r Is the radius of the cylindrical panel. Experimental data have shown 
that Is also a function of the r/t ratio for the panel. The design curves 
of Figure 8, obtained from test data, show this dependence of K^. on r/t. 


Compression buckling strains for curved composite panels can be 
accurately determined through the use of coiq>uter code SS8 (Reference 8), for 
example. However, for an approximate calculation of the skin buckling strain 
in cases where the stiffener spacing is realistic, the simplified equation 
given below has been prograimsed in PBURL. 






Axial Compression Buckling Coefficients for Long Curved 
Plates (Reference 9). 







































































w 

^cr 



_L _ 



(Di2 + 2D66) 



+ D22 
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yw 



2*^xyw^yw 


E E , >2 

xw vw I I nL I 

^xyw JI ®^w J 



( 6 ) 


where Dj^j are the terms of the bending stiffness matrix of the composite skin, 
Exw> Eyw, Gjfyy, i^xyw elastic constants and thickness, 

respectively, L is the panel length, is the effective width of the skin, r 
is the radius of curvature of the panel and n and m are the integer 
coefficients representing niomber of half buckle waves in the width and length 
direction, respectively. The lowest value of strain for various values of n 
and m represents the buckling strain of the panel. 

The panel length L corresponds <.0 the frame spacing hj.. The panel 
effective width b,, equals the stringer spacing h^ for preliminary design. In 
detail design, however, b^ equals the distance between stringer fastener lines 
for metal panels and the distance between adjacent stringer flange centerlines 
as shown in Figure 9. For both metal and composite panels the boundary 
conditions are assumed to be simply supported at the stringers and the frames. 

Buckling Loads Unde r Combined Compreasion and Shear 

The buckling loads under combined compression and shear can be 
obtained from the following Interaction rules. 

R^. + Rg2 . 1 for metal panels 

Rc + Es ” ^ composite panels (7) 


18 





where, R,, - Nxcr/^xcr “ ^■x.ycr/^yycr• design purposes the ratios 

o o 

^xcr/^xycr “ ^ and ^xcr/^xycr “ ® useful. The ratio B is determined by 
the design criteria adopted e.g., if the pure compression and pure shear 
buckling loads are in the same ratio as the respective ultimate loads, then 


N 

xcr 

NO 

xycr 


N 


xult 


N 


B 


xyult 


where N^ycr ■"®y 30 percent of N^ult* 


Selection of Skin Thickness and Stringer Spacing 


The skin thickness and stringer spacing are selected from plots of 
the calculated buckling loads versus the stringer spacing. In order to 
illustrate the procedure, two such plots corresponding to Design Example No. 1 
at the end of this section are shown in Figure 10. Referring to the figure, a 
buckling parameter X, equal to the ratio of the calculated buckling load and 
the design buckling load, is plotted against the stringer spacing hg. The 
buckling loads were calculated for both clamped and simply supported boundary 
conditions. As is evident from Figure 10, the f 452 /0/ 452 1 skin layup with a 
10-inch stringer spacing is the preferred design since for the thinner skin 
with a [45/90/0/90/451 layup the narrower stringer spacing is bound to impose 
a weight penalty. Thus, a selection of skin thickness and stringer spacing 
can be made by comparison of such plots for the various skin thicknesses and 
layups that were initially picked for evaluation. 


2.5 DETAIL DESIGN 

Detail design of the curved panels involves sizing of the stringers 
and the frames, computing margins for the various possible failure modes and 
constructing a failure envelope. The procedure is iterative in that initial 
sizes are assumed for the stiffeners, the margins are computed, and if any of 
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(Inch) 


Figure 10. 


o 

Shear Buckling Load N^ycr Versus Stringer Spacing 
[«2/90/^t52] and [^0/90/0/^] Skin Layup.s. 


for 
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the margins are negative or too high, the stiffeners are resized and new 
margins are computed. This iteration is continued until all margins are 
positive and reasonable in magnitude so that any weight penalties are 
minimized. The various steps in the detail design procedure are described in 
the following paragraphs. 

Initial Stringer and Frame Dimensions 

The stringer and frame cross-sectional shapes are selected as 
described in Section 2.3. For metal panels, the initial dimensions are 
determined by selecting a standard section such as the AND-series I, J or Z 
sections. The stiffener cross-sectional area selected for the first iteration 
may be arbitrary unless historical data are available or geometric constraints 
dictate certain dimensions. Exact section dimensions can be determined only 
after several iterations. 

In the case of composite panels, on the basis of structural 
efficiency, the most commonly used stiffener shapes are hat, J or blade 
sections. The selection of Initial stiffener sizes in this case requires a 
definition of the ply composition for various elements of the stiffener in 
addition to the dimensions. Studies on optimizing stiffener cross-sections 
conducted in References 4 and 6 have led to the general guidelines shown in 
Figure 11 for selecting efficient and practical layups in the design of 
stiffeners under axial compression loads. The recommended additional 0-degree 
plies in the skin should be utilized to ensure a slight taper in the stiffener 
flange bonded or cocured to the skin. This can be accomplished by gradually 
dropping-off the 0-degree plies as shown in Figure 12. The smooth transition 
from the stiffener flange to the skin is essential for stlffener/skln 
interface strength. 

The composite stiffener dimensions that need to be selected are 
shown in Figure 12 as the widths b£ and the thicknesses tj^. For Initial 
sizing, typical range of values for the stiffener element widths and the ply 
distributions are shown in Figure 13. These dimensions were obtained from a 
survey of panel designs that have been tested and must be treated as 
guidelines only. 
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Hat Section Stiffeners 

1. High axial stiffness (0°) 
plies should be placed 
in the hat cap and skin 
directly above the cap. 



+45° PLIES 
0° PLIES 



J and Blade Section Stiff¬ 
eners 

1. High axial stiffness 
plies in cap and in 
skin under stiffener. 

Reason ; High bending 
stiffness stiffener. 

2. Stiffener webs should 
be entirely +45° ma¬ 
terial. 

Reason ; Minimize axial 
load in webs, thus, sup 
pressing local buckling 



0° PLIES 
+45° PLIES 


Figure 11. General Guidelines for Selecting Ply Distribution in 
Stiffeners Under Axial Compression. 
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Figure 12. Ply Drop-Offs in Hat Section Stiffener and Stiffener 
Design Variables. 
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Effective Stiffener Areas 

Calculation of effective stiffener areas must take into account the 
presence of lands in metal skins and ply drop-offs in composite skins. In 
metal skins if a web land occurs in conjunction with the stiffener, the 
increase in web thickness is asstimed an Integral part of the stiffener. For 
composite panels the thickness of stiffener flanges attached to the skin is 
defined as the average thickness of the tapered flange-skin combination with 
the width equal to the actual flange width. The skin under the cap of a hat 
section stiffener is assumed to be an Integral part of the stiffener. 

Stiffener Sizing and Margin Computation 

This step is the crux of the detail design activity. Stiffener 
sizing and margin computation for the panels is accomplished using the static 
analysis of Reference 3 which is coded in program PBUKL. The basic semi- 
emplrical equations in the analysis and the failure criteria are detailed in 
Reference 3, The semi-empirical equations are not repeated here. The emphasis 
instead is on demonstrating the use of PBUKL in designing postbuckled panels. 
Failure modes that are unique to metals or composites and which have to be 
checked for manually are given in this Guide. 

Panel Failure Modes Under Pure Shear 

The possible failure modes that have to be checked for in designing 
the panels for diagonal tension due to shear are: 

(a) Column stability of stringers and rings or frames 

(b) Stability of the entire panel 

(c) Forced crippling of stringers and frames 

(d) Stiffener/skin separation for composite panels 

(e) Permanent set in metal skins due to yielding in diagonal 
tension, and 

(f) Skin rupture in metal and composite panels, 
o Ultimate Failure in shear for metals 

o Diagonal tension failure in composites 
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Checks for failure modes (a) through (d) are incorporated in program PBUKL. 
The metal panel permanent set check has to be performed manually. 

Permanent Set Check 

To check for skin rupture and permanent set in the case of metal 
panels the following equations are used: 

The ultimate allowable shear stress in metal skins is given by: 

( 8 ) 

where, 

Fg is the ultimate allowable web shear stress, psi. 

Ftu is the allowable ultimate tension stress for the web material, 
psi. 

Fty is the allowable tension yield stress for the web material, 
psi. 

Fgu is the allowable ultimate shear stress for the web material, 
psi. 

Equation 8 is limited to essentially isotropic metallic materials. 
In cases where a slight difference exists in the mechanical properties in the 
longitudinal (L) and long transverse (LT) directions, use the minimum 
properties. Since the equation was obtained by a fit to test data, the 
effects of plasticity are included. 

In general, permanent set in the skin at limit load is not 
permitted. The maximum allowable value of the diagonal tension factor at 
ultimate shear stress (kgu) to prevent permanent buckling of the skin at 
limit load is given by: 

Ml - 0-78 - (t - 0.012)0*5 (9) 

This equation is based on flat aluminum metal panel data and is conservative 
for curved panels. 





SECTION 3 
EXAMPLES 


The semi-empirical design methodology is illustrated in this section 
by way of three examples. The first two examples are based on the curved 
composite and metal panels used in the test program. The third example is 
drawn from an actual fighter aircraft fuselage structure. 

3.1 CURVED COMPOSITE PANEL 

The design procedure outlined in the previous section is demonstra¬ 
ted by way of a program PBUKL run for the following problem. 

Example 1 

A postbuckled composite panel with a radius of 45 inches and 24 
inches frame spacing (h^) is to be designed to carry the following design 
ultimate loads; 

Compression N^ult “ Ibs/inch 

Shear N^yult “ Ibs/inch 

The skins are not permitted to buckle below 25 percent of the design limit 
load. 

Design Procedure: 

(a) Design criteria: 

The materials selected are; 

AS/3501-6 unidirectional graphite/epoxy for reinforcement. o( 
stiffener caps and skin under stiffener. 

A370-5H/3501-6 woven graphite/epoxy for skins and stiffeners. 



Lamina Properties: 








A370-5H/3501-6 

AS/3501-6 

Per ply thickness, Inch 

.013 

.0052 

EL, psi 

10.0 X 106 

18.7 X 10^ 

ET, psi 

9.2 X 10^ 

1.87 X 10^ 

GLT, psi 

0.9 X 106 

0.85 X 106 

NULT 

0.055 

0.3 


Material Notched Allowables: 


‘^all ~ 0.004 in tension and compression 

Loads: 

Design Ultimate shear flow (DUL) - 875 Ibs/inch 

Design limit shear flow (DLL) - 583 Ibs/inch 

Initial skin buckling load (IBL) - 220 Ibs/lnch 

(b) Configuration Selection: 

Panel radius R - 45 Inch 1 

y Given 

Frame Spacing h^ » 24 inch J 

Skins to be designed primarily for buckling. 

Select viable skin layups: 

Layup 1 - f 452 /90/ 452 1 underscore denotes a woven ply 

Total skin thickness - 0.0572 inch 


Layup 2 - [45/90/0/90/4^] 

Total skin thickness - 0.0416 Inch 

Select stiffener cross-sectional shape on the basis of 
efficiency and ease of attachswnt to substructure. 
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o Hat section stringers selected for efficiency 


o J section frames selected for efficiency and ease of 
attachment to substructure. 

(c) Preliminary Design; 

o 

(1) Obtain skin buckling load (Nj^y^cr) ^ function of 

stringer spacing (h^) using program SS8 for fixed and 
simply supported boundary conditions at the stringers and 
fixed boundary conditions at the frames. Both layups to 
be considered. 

o 

(2) f^xycr versus hg plots for the two layups are shown In 
Figure 10. 

(3) Skin layup 1 with r452/90/452] orientation of piles with 
larger stiffener spacing selected for efficiency and 
reduced manufacturing cost. 

(4) hg - 10 In., t - 0.0572 In. 

(d) Detail Design: 

(1) Select initial dimensions and ply distribution for stiffenets 
using the range of values given in Figure 13 and previous 
experience. 

(2) Analyze design using PBUKL 

An edited summary of the 3-bay stiffened panel analysis is shown in Figure 14. 
The output shows that for the combined loading case with N^/Nxy - 0.91 (i.e., 
800 lb/inch/875 Ib/inch) the skin shear buckling load at 178 Ib/inch is only 
20 percent of the shear ultimate load and the lowest margin corresponding to 
frarae/skln separation Is negative. In addition, the ultimate shear load (I.e., 
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OTKim MHL tEMn rai axni Mxacuso - 22.S0 

WK i m nuBL mon rx acn Mc&iaB - 7.S8 

oowmsioa bocxuis lcmnm am bebi ocwaim tbo 

snvLiFiiD AiuLtsia. obtah nnat ibom su; 

AFTLIID IK on.T (nCX) - -266.78 

ARLHD R ONLY (RCS) - -211.38 

APPLIED IKY Cn.Y (BEYCS) - 200.00 ASSOMD VALUE 

BUCELIN6 L0A08 APTER USER ADJUSIICR (IP AR); 


APPLIED NX ORLY 

(RXCR) 

- -267.00 

APPLIED n ORLY 

(RYCR) 

- -211.00 

APPLIED IKY ORLY 

(RXYCR) 

> 289.00 


1 CASE NIMER: 1 

UMD NUMBER; 1 OF 3 
R 600.00 

R .00 

RR .00 


SKIN PROPERTIES; 


LAYUP 

TRICK 

EX 

R 

OXY 

RUXY BUG STRAIN 

BOC EFP 


(IR) 

(MSI) 

(MBI) 

(MSI) 

(HICRD) 

HIDTB(IR) 

0/ 80/ 20 

.0372 

3.33 

4.31 

4.22 

.938 1321. 

7.68 


PROPERTIES OP STIPPERER ALOHS X-ARS 


111111111«A4A«4«4A444111111111 
2 2 
2 2 
2 2 
133331 


ele 

ELE 

ELE 


ele 

ele 

ELE 

EPS 

EPS 

BPS 

RO 

MIDTH 

LAYUP 


THICK 

EX 

EA 

Boa 

CRIP 

ULT 


<I») 

0/43/90 


(IH) ( 

(MBI) 

(H-LBS) 

(* IR (aou UNITS *) 

1 

l.OOO 

18/ 72/ 

9 

.120 

4.70 

.3618 

13970. 

13370. 

19000. 

2 

1.300 

0/100/ 

0 

.032 

3.06 

.2067 

16976. 

13000. 

19000. 

3 

.790 

63/ 36/ 

0 

.066 

9.60 

.6364 

44871. 

12000. 

12000. 

4 

1.120 

34/ 36/ 

9 

.066 

6.92 

.6628 

21963. 

12000. 

12000. 


RIPPERER AXIAL RIPPRES8 "BA" (10*^ LBS) • 3.11« 
RIPPEHER HOOOLOS "E " (10**6 PSD • 9.770 
RIPPERER AREA " A" (Ill»2> • .9397 
REDTRAL AXIS PROM SKIN OM. "YBAR" (IB) <• .492 
S T IP P ERER "XI" t«T R. AXIS (10**6 LB-IR^S) - .947 
RIPPERER "OJ" TOR 8TIPP (10**3 LB-IR^S) • 297.896 
RIPPERER CKXFPLIHG STRAIN "SCRIP" (HICRO) - 12000. 


PROPERTIES OP STIPPERER ALORO Y-AXIS 


111112222216866699999 
3 
3 
3 

9 3 7 
9 3 7 

|4444|6666| 


Figure 14. Initial Design of Curved Composite Panel. 
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ELE 

ELE 

ELE 


ELE 

ELS 

ELE 

EPS 

EPS 

EPS 

HO 

WIDTH 

LAYUP 


THICK 

EX 

EA 

BUCL 

CRIP 

ULT 


(IR) 

0/45/00 


(IR) (MSI) (H-LBS) 

(* IR MICRO UHITS *) 

1 

.750 

37/ 62/ 

0 

.061 

6.14 

.3711 

8617. 

6617. 

15000 

2 

.750 

43/ 34/ 

0 

.104 

7.04 

.3486 

83170. 

12000. 

12000 

3 

2.000 

0/100/ 

0 

.032 

3.06 

.4610 

3331. 

3875. 

15000 

4 

.000 

0/ 0/ 

0 

.000 

.00 

.0000 

00000. 

15000. 

13000 

3 

.000 

0/ 0/ 

0 

.000 

.00 

.0000 

08000. 

13000. 

15000 

6 

1.000 

33/ 86/ 

0 

.062 

5.71 

.3564 

21558. 

15000. 

15000 

7 

.400 

0/100/ 

0 

.032 

3.06 

.0636 

23381. 

13000. 

15000 

8 

.750 

45/ 54/ 

0 

.104 

7.04 

.5488 

83170. 

12000. 

12000 

0 

.730 

37/ 62/ 

0 

.081 

6.14 

.3711 

8617. 

8617. 

13000 

STIFFERER AXIAL STIFFHESS * 

•EA” (10**6 LBS) 

- 2. 

744 


STIFFERER HXULUS 



•E ” (10**6 PSD 

- 5. 

371 


STIFFERER AREA 



• A" 

(IH**2) 

- .3100 


RBUTRAL AXIS FROM SUH OML ' 

•YEAR" 

(IR) 

m 

778 



STI?rEIIQt "BI” HRT R. AXIS (10**6 LB-IR«*2) - 3.403 
STIFFERER ”GJ” TOR STIFF (10**3 I3-IR**2) - 4.073 
STIFFERER (X1FFLIH6 STSAIR "ECSaP** (Ml(SO) - 8617. 


PAHEL PROPERTIES 


HO OF STIFFEHERS PARAUEL TO X-AXIS - 

3 

STIFFERER 3PACIHS 

(IRCH) - 

10.00 

PAREL LEHGTH 

(IHCH) • 

24.00 

PAREL RADIUS 

(IRCH) • 

45.00 

SIRGLE BAY "El" 

(10**6 LB-IH**2) - 

1.108 

SIRGLE BAY "EA" 

(10**6 LBS) - 

3.134 


FAILURE AHALTSIS SdMARY (AXIAL (XKPRESSIOH) 


FAILURE MXE 

STRAIR 


TOTAL LOAD- 


MARGIHS 


(MICRO) 

(1000 LB) 

(LB/IH) 

(X STFHR) 

(X) 

SXIR BUCXLIHO 

1321. 

10.0 

1068. 

83.76 

-15.2 

EULER BUCXLIHO 

11080. 

08.8 

8880. 

83.83 

668.5 

STIFFERER CRIPPLIHG 
STIFFERER/SXIR 

12000. 

30.8 

3078. 

83.85 

387.2 

SEPARATIOH 

13570. 

44.8 

4482. 

84.28 

460.2 


AXIAL LOAD IR STIFFERER BEFORE BUCX (X) • 60.66 
AXIAL LOAD IR STIFFERER AT FAILURE (S) • 03.05 
SIRGLE BAY LOAD AT FAILURE (LBS/IRCB) - 3077.64 


LONBST HAR6IR (T) * 307. 

CRITICAL FAILURE STRAIR (HICRO) • 12000. 

CRITICAL FAILURE NODE > STIFFERER CRIPPLIHG 

CRITICAL AXIAL CXMFRESSIOH LOAD (LB/IR) • 3076. 


1 CASE RUBER: 1 

LOAD RUBER: 2 OF 3 

RX .00 

RY .00 

RXT 673.00 


Figure 14. Initial Design of Curved Composite Panel (Continued) 














FAILORE AMALYSIS SOMMinr (SBKAR LOAD ONLY) 



APPLIED SHEAR FLOW HXY 

(LB/IN) - 

875.00 



SKIM SHEAR BUCKLING HXYCR 

(LB/IN) - 

285.00 



SKIM SHEAR BUCK STRAIN 

(MICRO) - 

1180.01 



DIAGONAL TENSION FACTCR K 

- 

.548 



DIAGONAL TENSION ANGLE ALPHA 

(DEG) - 

39.583 



STIFFENER RIGIDITY MARGIN 

(Z) - 

2703.80 



FAILURE MODE 

STRAIN 

STRESS 

MARGINS 



(MICRO) 

(KSI) 

(Z) 



ALLOW ACTUAL 



SKIN BUCKLING 

1180. 3623 

4.983 

-67. 


STRINGER FOiCEO CRIPPLING 

2723. 3081 

-17.481 

-12. 


FRAME FORCED CRIPPLING 

2869. 3600 

-19.212 

-20. 


STRINGER EULER BUCKLING 

208-4. 1495 

-8.483 

1294. 


FRAME EULER BUCKLING 502832. 1878 

-10.558 

25320. 


STRINGER SKIN SEPARATION 

2723. 3081 

-17.481 

-12. 


FRAME SKIN SEPARATION 

2869. 3600 

-19.212 

-20. 


STRINGER STATIC COMFRESSN 

15000. 3081 

-17.481 

387. 


FRAME STATIC COMPRESSION 

15000. 3600 

-19.212 

317. 


SKIN TENSILE RUPTURE 

4000. 2855 

23.758 

40. 


LOWEST MARGIN 

(Z) - 

-20. 



CRITICAL FAILURE STRAIN 

(MICRO) • 

2869. 



CRITICAL FAILURE MODE 

• 

FRAME/SKIN SEPARATI(» 


CRITICAL SHEAR LOAD 

(LB/IN) - 

759. 


1 

CASE NUMBER: 1 





LOAD NUMBER: 3 OF 3 





NX 800.00 





NY .00 





NXY 875.00 





FAILURE ANALYSIS SUMMARY (AXIAL COMPRESSI(»} 



FAILURE MODE STRAIN 

-TOTAL LOAD. 

— MARGINS 


.. (MICRO) (1000 LB) 

(LB/IN) (Z STFNR) (Z) 


SKIN BUCKLING 1321. 

10.9 

1089. 83.76 

-15.2 


EULER BUCKLING 11990. 

88.8 

9890. 93.95 

669.5 


STIFFENER CRIPPLING 12000. 

39.8 

3978. 93.95 

397.2 


STIFFENER/SKIN 





SEPARATION 13570. 

44.8 

4482. 94.29 

460.2 


AXIAL LOAD IN STIFFENER BEFORE BUCK (Z) - 

60.66 



AXIAL LOAD IN STIFFENER AT FAILURE (Z) - 

93.95 



SINGLE BAY LOAD AT FAILURE 

(LBS/INCH) - 

3977.64 



LOWEST MARGIN 

(Z) - 

397. 



CRITICAL FAILURE STRAIN 

(MICRO) - 

12000. 



CRITICAL FAILURE MODE 

- 

STIFFENER CRIPPLING 


CRITICAL AXIAL COMPRESSION LOAD (LB/IN) - 

3978. 



FAILURE ANALYSIS StMIARY (SHEAR LOAD ONLY) 




APPLIED SHEAR FLOW HXY 

(LB/IN) - 

875.00 



SKIN SHEAR BUCKLING HXYCR 

(LB/IN) - 

178.05 



SKIN SHEAR BUCK STRAIN 

(MICRO) - 

737.20 



DIAGONAL TENSION FACTOR K 

• 

.703 



DIAGONAL TENSION AWRE ALPHA 

(DEG) - 

39.881 



STIFFENER RIGIDITY MARGIN 

(Z) - 

2703.80 



Figure 14. Initial Design of Curved Composite Panel (Continued) 
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FAILUIffi MODE 

STRAIN 

STRESS 

MARGINS 


(MICRO) 

(KSI) 

(X) 


ALLOW 

ACTUAL 



SKIN BUCKLING 

737. 

3623. 

3.113 

-80. 

STRINGER FORCED CRIPPLING 

3216. 

4139. 

-23.481 

-22. 

FRAME FORCED CRIPPLING 

3389. 

S119. 

-27.322 

-34. 

STRINGER EULER BUCKLING 

20844. 

2148. 

-12.187 

870. 

FRAME EULER BUCKLING 

S02832. 

3009. 

-16.058 

16613. 

STRIKE SKIN SEPARATION 

3216. 

4139. 

-23.481 

-22. 

FRAME SKIN SEPARATION 

3389. 

5119. 

-27.322 

-34. 

STRINGER STATIC COMPRESSN 

ISOOO. 

4139. 

-23.481 

262. 

FRAME STATIC COMPRESSION 

ISOOO. 

5119. 

-27.322 

193. 

SKIN TENSILE RUPTURE 

4000. 

3137. 

26.292 

28. 

LOHEST MARGIN 


(X) - 

-34. 


CRITICAL FAILURE STRAIN 

(MICRO) - 

3369. 


CRITICAL FAILURE MODE 


■ 

FRAME/SKIN SEPARATION 

CRITICAL SHEAR LOAD 

(LB/IN) - 

627. 



Figure 14. Initial Design of Curved Composite Panel (Concluded) 









zero margin load) for this panel configuration is 627 lb/inch. Thus, for the 
prescribed loading conditions, additional plies need to be added to the skin, 
and the ply count at the frame flange skin junction needs to be increased. 
Botfi those r. ,uirements were met by adding a 90-degree ply to the skin. The 
ino(1ili(‘d layup was, therefore, with a total skin thickness equal 
lo ().062/i inch. 

Figure 15 shows the detailed analysis for this new configuration. 
As can be seen in the last block of output, the frame/skin separation margin 
is slightly positive at 3 percent and the ultimate shear load is 897 Ib/in. 
The buckling load under combined compression and shear loading is 218 Ibs/inch 
or approximately 25 percent of the ultimate load. This postbuckled design, 
therefore, is final. 

3.2 Curved Metal Panel 


The curved metal panel configuration selected for this example is 
identical to that used in the test program (Reference 10). The design 
criteria are identical to those used for the composite panel. The stringers 
and frames in this case are both Z-sectlons. Initially, a 0.050 inch 7075-T6 
aluminum skin was selected for the design. Analysis of this configuration is 
summarized in the edited PBUKL output shown in Figure 16. Under combined 
compression and shear loads, the stringer forced crippling (since there is no 
stringer/skin separation mode of failure in metal panels) margin is -60 
percent. Additionally, the shear buckling load under combined loading is only 
21 percent of the shear ultimate load. Thus a redesign of the skin and the 
stiffeners is required. 

After several iterations with PBUKL, a final combination of skin, 
stringer and frame sizes showing reasonably low positive margins was obtained. 
Analysis of this final design is summarized in Figure 17. The results in 
Figure 17 show the final dimensions, a shear buckling load that is 33 percent 
of the ultimate shear load and a +9 percent margin on stringer forced 
crippling. 
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E PP B CTIVB FAREL LEM6TB FOR SKIH BOdCLIMG - 22.30 
EFFE CT IVE FAREL WIDTH FOR SKIR BUCELIRG - 7.88 

COMPDESSIOR BUCELIRG LOADS HAVE BEER COHFDTED THBD 
SIHPLIFIED ARALTSIS, OBTAIH MHCR FBCH SS8; 

APPLIED RX ORLY (RXCR) - -332.38 

APPLIED HY ORLY (RYCR) - -265.09 

APPLIED RXY ORLY (HXYCR) - 200.00 ASSUMED VALUE 

BUCELIRG LOADS AFTER USER ADJUSTMERT (IF ARY): 

APPLIED RX ORLY (RXCR) - -332.31 

APPLIED RY ORLY (RYCR) - -263.04 

APPLIED RXY ORLY (HXYCR) - 345.00 


1 CASE HUMBER: 1 

LOAD HUMBER: 1 OF 3 

RX 800.00 

HY .00 

RXY .00 


SEIH PROPERTIES: 


LAYUP THICE EX EY 6XY HUXY BUC STRAIH BUC EFF 
(IH) (MSI) (MSI) (MSI) (MICRO) HIDTH(IH) 

0/ 80/ 20 .0624 3.72 3.71 3.94 .439 1433. 7.88 


PROPERTIES OF STIFFEHER ALOHG X-AXIS 


111111111444444444444111111111 
2 2 
2 2 
2 2 •” 
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WI.W 
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EPS 
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THICK 

EX 

EA 

BUCL 

CRIP 

ULT 


(IR) 

0/43/90 


(IR) 1 

[MSI) 

(M-LBS) 

(* IR MICRO URITS *) 

1 

1.000 

30/ 61/ 

7 

.138 

6.33 

.8747 

12676. 

12676. 

13000 

2 

1.300 

0/100/ 

0 

.032 

3.06 

.2087 

18576. 

13000. 

15000 

3 

.730 

63/ 36/ 

0 

.088 

9.60 

.6364 

44671. 

12000. 

12000 

4 

1.120 

34/ 36/ 

0 

.088 

8.02 

.8828 

21565. 

12000. 

12000 


STIFFERER AXIAL STIFFHESS "EA" (10**6 LBS) - 3.740 
STIFFEHER MODULUS "E " (10**6 PSD - 6.492 
STIFFEHER AREA " A” (IH**2) - .5781 
HEUTRAL AXIS FROM SKIH (ML "YBAR" (IH) - .390 
STI FFERER “El” WRT H. AXIS (10**6 LB-IR**2) - 1.018 
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Figure 15. Final Design of the Curved Composite Panel 
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STIFFENER "GJ" TOR STIFF 
STIFFENER CRIPPLING STRAIN 
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PANEL PROPERTIES 
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PANEL LENGTH 

(IlO) « 

24.00 
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45.00 
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1 CASE NUMBER: 1 

LOAD NUMBER; 2 (7 3 

NX .00 

NY .00 

NXY 875.00 


Figure 15. Final Design of the Curved Composite Panel (Continued). 
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FAILURE ANALYSIS SUMARY (SHEAR LOAD ORLY) 
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CRITICAL FAILURE MODE 

•> STIFFENER CRIFPLING 1 
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Figure 15 
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Figure 15. Final Design of the Curved Composite Panel (Concluded) 
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EFFEC T IVE PANEL WIDTH FOR SKIN BUCKLING - B.B3 

CGMFRBSSIOH BUCKLING LOADS HAVE BEEN COHFUTED TBBD 
SIMPLIFIED ANALTSIS, OBTAIN NXTCR FBOM SS8: 

APPLIED NX ONLY (NXCR) - -34S.4S 

APPLIED NY ONLY (HYCR) - -342.S4 

APPLIED HXY ONLY (NXYCR) - 200.00 ASSUMED VALUE 

BUCKLING LOADS AFTER USER ADJUSTMENT (IF ANY): 

APPLIED NX ORLY (NXCR) - -34S.00 

APPLIED NY ONLY (HYCR) • -343.00 

APPLIED NXY ORLY (NXYCR) - 260.00 
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STIFFENER "OJ" TOR STIFF (10**3 LB-IN**2) - .862 
STIFFENER CRIPPLING STRAIN "ECRIP" (MICRO) • 2781. 


Figure 16. Initial Design of Curved Metal Panel. 
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PANEL PROPERTIES 


NO OF STIFFENERS PARALLEL TO X-AXIS - 3 
STIFFENER SPACING (INCX) - 10.00 
PANEL LENGT8 (INCH) - 24.00 
PANEL RADIUS (INCH} •• 45.00 
SINGLE BAT "El" (10**6 LB-IN**2) - 1.077 
SINra.E BAY "EA" (10**6 LBS) •• 6.955 
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SKIN BUCKLING 

671. 
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CRITICAL FAILURE STRAIN (MICRO) - 2781. 

CRITICAL FAILURE MODE - STIFFENER/SKIR SEPARATION 

CRITICAL AXIAL COMPRESSION LOAD (LB/IN) • 760. 


Figure 16. Initial Design of Curved Metal Panel (Continued). 
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CASE maOER: 1 

UMD RttBER: 2 OF 3 

MX .00 

MY .00 

MXY 87S.00 


FAILURE AMALYSIS SUMMRY (SHEAR LOAD ORLY) 


APPLIED SHEAR FLOW HXY 
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873.00 


SKIM SHEAR BUCXLIMO MXYCR 

(LB/IN) • 
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FRA»B FORCED CRIPPLING 

2123. 

3826. 
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1 CASE MUeER: 1 
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AXIAL LOAD IN STIFFENER BEFORE BUCK (X) • 

23.93 



AXIAL LOAD IN STIFFENER AT FAILURE (X) • 

66.05 



SINGLE BAY LOAD AT FAILURE 

(LBS/INCH) - 

739.94 
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CRITICAL AXIAL (XMRXS8I0H LOAD (LB/IR) - 760. 


Figure 16. Initial Design of Curved Metal Panel (Continued). 
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Figure 16. Initial Design of Curved Metal Panel (Concluded) 
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EFFECtrVS PAREL VnOTB FOR SKIM BUCKLING - 9.23 

COHESESSIOM BUCKLING LOADS BATE BEEN COMPUTED THRU 
SIMPLIFIED ANALYSIS, OBTAIN HXYCR FROM SS8: 

APPLIED NX ONLY (NXCR) - -546.76 

APPLIED NY ONLY (HYCR) - -543.34 

APPLIED HEY ONLY (RXYCR) - 200.00 ASStMED VALUE 

BUCKLING LOADS AFTER USER ADJUSTMENT (IF AMY): 


APPLIED NX ORLY 

(NXCR) 

- -547.00 

APPLIED NY ORLY 

(NYCR) 

• -543.00 

APPLIED RXY ORLY 

(HXYCR) 
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CASE NUMBER: 

1 

LOAD RUtOER: 
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.00 

HXY 
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STIFFENER AXIAL STIFFNESS "EA” (10**S LBS) - 5.713 
STIFFENER MODULUS "E ” (10**e PSD - 10.447 
STIFFENER AREA " A" (IN«*2) - .5469 
NEUTRAL AXIS FROM SKIN OM. "YBAR" (IN) - .990 
STIFFENER "El" t«T N. AXIS (10**6 LB-IR**2) • 3.337 
STIFFENER "OJ” TOR STIFF (10**3 LB-IR**2) • 10.966 
STIFFENER CRIPPLING STRAIN "ECRIP" (MICRO) • 5600. 


Figure 17. Final Design of Curved Metal Panel 
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0/ 
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3161. 
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0/ 
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0/ 
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STIFFENER AXIAL STIFFNESS "EA" (10**(; LBS) • 5.713 
STIFFENER HXULUS 'E " (10**6 FSI) - 10.447 
STIFFENER AREA " A" (IN»2) • .54S0 
NEUTRAL AXIS FROM SKIN OM. "TBAR'* (IN) - .090 
STIFFENER "El*' MRI H. AXIS ( 10 **e LB-n^S) - 3.337 
STIFFENER TOR STIFF (10**3 LB-1X^2) - 10.BAA 
STIFFENER CRIFFLINS STRAIN "BCRIF'' (MICRO) - SSOO. 


FANKL FItOFIRTIBS 


HO OF STIFFENERS FARALLEL TO X-AXIS - 

3 

STIFFENER SPACING 

(INCH) - 
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PANEL LENGTH 

(INCH) - 

24.00 

PANEL RADIUS 

(INCH) - 
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SINGLE BAT 'XI'' 

(10«*8 LB-IH**2) - 
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SINGLE BAT "EA" 

(10**e LBS) - 
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FAILURE AHALISIS SUM««X (AXIAL (XaSRESSIOR) 


FAILURE MCDE 

STRAIN 


TOTAL LOAD- 


MARGINS 


(MICRO) 

(1000 LB) 

(LB/IN) 

(2 STFRR) 

(2) 

SKIN BUCKLING 

843. 

15.1 

1510. 

60.10 

20.5 

EULER BUCKLING 

26628. 
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47701. 

92.31 

3061.2 

STIFFENER CRIPPLING 
STIFFENER/SKIN 

5600. 

37.A 

37B1. 

B4.83 
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SEFARATICR 
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CRITICAL FAILURE MODE « STIFFEBER/SKIN SBFARATIOH 

CRITICAL AXIAL OOHMESSIOH LOAD (LB/IN) • 2242. 


Figure 17. Final Design of Curved Metal Panel (Continued). 
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CASE HUMBER; 1 
LOAD HUMBER: 2 OF 3 
HE .00 
HY .00 
HXy 873.00 


FAILURE AHALYSIS SltHARY (SHEAR LOAD CMLY) 


APPLIED SHEAR FLOW HXY 

(LB/IH) - 

873.00 


SKIH SHEAR BUCELIHG RXYCR 

(LB/IN) - 

*10.00 


SKIH SHEAR BUCK STRAIH 

(MICRO) - 

1690.37 


DIAGONAL TENSION FACTOR K 


• 

.*13 


DIAGONAL TENSION AH(a.E ALPHA 

(DEG) - 

38.*39 


STIFFEHER RIGIDITY MARGIN 


(X) - 

938.28 


FAILURE MXE 

STRAIH 

STRESS 

MARGINS 


(MICRO) 

(KSI) 

(X) 


ALLOW 

ACTUAL 



SKIH BUCKLING 

1690. 

3608. 

6.308 

-53. 

STRINGER FORCED CRIPPLING 

2032. 

1*77. 

-15.210 

39. 

FRAME FORCED CRIPPLING 

2032. 

13*3. 

-13.85* 

53. 

STRIWZR EULER BUCKLING 

*0033. 

*23. 

-*.359 

9360. 

FRAME EULER BUCKLING 

230601. 

383. 

-3.970 

39722. 

STRINGER SKIN SEPARATIOH 

2032. 

1*77. 

-15.210 

39. 

FRAME SKIN SEPARATION 

2032. 

13*5. 

-13.85* 

53. 

STRIMROl STATIC COMPRESSN 

3600. 

1*77. 

-15.210 

279. 

FRAME STATIC COMPRESSION 

3600. 

13*5. 

-13.85* 

316. 

SKIN TENSILE R”PTURE 

3600. 

2197. 

22.232 

155. 


LOWEST MARGIN 

<*) 

- 39. 

CRITICAL FAILURE STRAIN 

(MICRO) 

- 2052. 

CRITICAL FAILURE MODE 
CRITICAL SHEAR LOAD 

(LB/IH) 

- STRIWZR/SKIH SEPARATION 
• 1092. 


1 CASE HUmER: 1 

LOAD HUMBER: 3 (V 3 
HX 800.00 

HY .00 

HXY 873.00 


FAILURE AHALYSIS SUtURY (AXIAL COMFRESSKM) 


FAILURE M(X>E 

STRAIH 


TOTAL LOAD- 


MARGINS 
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(1000 LB) 

(LB/IN) 

(X STFNR) 

(X) 

SKIH BUCKLING 

8*3. 

15.1 

1310. 

68.10 

28.5 

EULER BUCKLING 

26626. 

*77.0 

*7701. 

92.31 

3961.2 

STIFFEHER CRIPPLING 
3TIFFEHER/SKIH 

3600. 

37.6 

3781. 

8*. 63 

372.6 

SEPARATION 

3161. 

22.* 

22*2. 

80.33 

180.3 


AXIAL LOAD IH STIFFEHBR BEICU BUCE (E) - A6.82 
AXIAL LOAD IH STIFFEHER AT FAILURE (X) - 80.33 
SIHOLE BAT LOAD AT FAILURE (LBS/IHCR) - 22*2.A2 


LOMtST HAWIH (X) - 180. 

CRITICAL FAILURE STRAIH (MICRO) - 3161. 

OUTICAL FAILIAE MODE . STIFFEHER/SEIH SEPARATIOH 

CRITICAL AXIAL COMFRESSIOH LOAD (LB/IH) - 22*2. 


Figure 17. Final De.sign of Curved Metal Panel (Continued). 
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FAILURE ANALYSIS SUMMRT (SBEAR LOAD ORLY) 



applied SBEAR FLOW HXY 

(LB/IN) - 

675.00 


SKIN SBEAR BUCKLING NXYCR 

(LB/IH) - 

2B2.91 


SKIN SBEAR BUCK STRAIN 

(MICRO) - 

1207.65 


DIAGONAL TENSION FACTOR K 


- 

.563 


DIAGONAL TENSION ANGLE ALPHA 

(DEO) - 

39.641 


STIFFENER RIGIDITY MARGIN 


(!) - 

938.28 


FAILURE MODE 

STRAIN 

STRESS 

MARGINS 


(MICRO) 

(KSI) 

(Z) 


ALLOW 

ACTUAL 



SKIN BUCKLING 

1208. 

3808. 

4.649 

-67. 

STRINGER F(»CED CRIPPLING 

2515. 

2316. 

-23.857 

9. 

FRAME FORCED CRIPPLING 

2515. 

2167. 

-22.323 

16. 

STRINGER EULER BUCKLING 

A0035. 

705. 

-7.264 

5576. 

FRAME EULER BUCKLING 

230601. 

660. 

-6.797 

34844. 

STRINGER SKIN SEPARATION 

2515. 

2316. 

-23.857 

9. 

FRAME SKIN SEPARATION 

2515. 

2167. 

-22.323 

16. 

STRINGER STATIC COMPRESSN 

5600. 

2316. 

-23.857 

142. 

FRAME STATIC COMPRESSION 

5600. 

2167. 

-22.323 

158. 

SKIN TENSILE RUPTURE 

5600. 

2348. 

23.749 

139. 

LOWEST MARGIN 


(*) - 

9. 


CRITICAL FAILURE STRAIN 

(MICRO) - 

2515. 


CRITICAL FAILURE MODE 


■ ; 

STRINGER/SKIN SEPARATION 

CRITICAL SHEAR LOAD 

(LB/IN) - 

949. 



Figure 17. Final Design of Curved Metal Panel (Concluded), 
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3.3 


Design Demonstration 


The purpose of this example is to illustrate the semi-empirical 
design procedure and other preliminary analysis required to develop 
postbuckled designs for practical structures subject to constraints dictated 
by adjacent structures. The demonstration study was conducted on a Mach 2.5 
class advanced fighter fuselage component. The location and complexity of the 
structural subcomponent selected is shown in Figure 18. The stiffness 
critical Inboard keel beam was selected for this design demonstration. The 
frame locations on this keel beam were determined by the adjacent structure. 
In particular, the inlet duct design criteria (hammershock) dictated the 18 
inch frame spacing. The hat section stringer spacing of 9 inches was selected 
on the basis of a trade study that optimized the weight and the manufacturing 
cost of the inboard keel beam using preliminary manual analyses. 

Detailed analysis and margin computations for this design, were 
conducted by a NASTRAN analysis for internal loads and a PBUKL analysis for 
the compression loaded regions of the inboard keel beam. The external loads 
distribution along the shaded fuselage section of Figure 18 is shown in Figure 
19. The (Nxi Ny, N^y) load triplets obtained from the NASTRAN analysis are 
shown in Figure 20. The design ultimate loads were determined as the average 
of the two highest shear and compression load elements. Thus the shear design 
ultimate load was 1070 lb/inch. The hat stringer, Z-frame and skin sizes for 
the final design are shown in Figure 21. The analysis summarized in Figure 21 
shows that the critical failure mode was frame/skin separation and the zero 
margin ultimate shear load for this configuration was 1071 Ib/iu. 






UPPER SKIN 
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Figure 18. Location of the Inboard Keel Beam in the Mach 2.5 Advanced Fighter. 
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Figure 19. Vertical Shear and Bending Moment Distribution Along Aft 
Fuselage Center Section. 
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EFFECTIVE PANEL LENGTH FOR SKIN BUCKLING - 17.36 
E F F E C TI VE PANEL WIDTH FOR SKIN BUCKLING • 8.62 

COMPRESSION BUCKLING LOADS HAVE BEEN COMPUTED THRU 
SIMPLIFIED ANALYSIS, OBTAIN NXYCS FROM SS8: 

APPLIED NX C»iLY (HXCR) • -181.0* 

APPLIED NY ONLY (NYCR) - -47.78 

APn,IED NXY ONLY (NXYCR) - 200.00 ASSUMED VALUE 

BUCKLING LOADS AFTER USER ADJUSTMENT (IF ANY): 

APPLIED NX ONLY (NXCR) - -18S.00 

APPLIED NY ONLY (NYCR) - -48.00 

APPLIED NXY ORLY (NXYCR) - 210.00 
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CASE 

NUMBER: 1 

LOAD 

NUMBER: 1 OF 3 

NX 

340.00 

NY 

.00 

NXY 

: .00 
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PROPERTIES; 
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EX 

EY 

GXY 
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(MICRO) 

WIDTH(IR) 
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13000. 

15000. 
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0/100/ 

0 

.062 
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0 
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8.60 
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15000. 
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23 
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7.28 
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STIFFENER AXIAL STIFFNESS "EA" (10**6 LBS) - 3.291 
STIFFENER MODULUS "E " (10**6 PSD • S.90S 
STIFFENER AREA ” A” (IN**2) - .3490 
NEUTRAL AXIS FROM SKIN OML "TBAR" (IN) - .299 
STIFFENER "El" MRT N. AXIS (10**6 LB-IH**2) - .410 
STIFFENER ''OJ" TOR STIFF (10**3 LB-IN**2) - 313.030 
STIFFENER CRIPPLING STRAIN "SCRIP" (MICRO) - 13000. 
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Figure 21. Design Demonstration Example Analysis 
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15000. 
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7.26 

.7548 

2355. 
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15000. 
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.000 

0/ 

0/ 
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.000 
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99000. 

15000. 

15000. 
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0/ 

0/ 

0 

.000 
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7 
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0/ 

0/ 

0 

.000 

.00 
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0/ 

0/ 
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9 
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0/ 

0/ 

0 
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STIFFERER AXIAL STIFFNESS 
STIFFENER MODULUS 
STIFFENER AREA 
NEUTRAL AXIS FROM SKIN OM. 
STIFFENER "El” V«T N. AXIS 
STIFFENER "GJ" TOR STIFF 
STIFFENER CRIPPLING STRAIN 


"EA" (10**6 LBS) - 4.215 
"E " (10*»6 PSD » 7.302 
" A" (IN*»2) - .5772 
"YEAR" (IN) - 1.656 
(10**6 LB-1H**2) - 7.497 
(10**3 LB-1H**2) - 6.099 
"ECRIP" (MICRO) - 4071. 


PANEL PROPERTIES 


HO OP STIFFENERS PARALLEL TO X-AXIS 


STIFFENER SFACIHG 
PANEL LENGTH 
PANEL RADIUS 
SINGLE BAY "El" 
SINGLE BAY "EA" 


(IHCB) 
(INCH) 
(INCH) 
(10**6 LB-IN**2) 
(10**6 LBS) 


- 2 

• 9.00 

> 18.00 

-99999.00 

- .561 

- 6.679 


FAILURE ANALYSIS SUMURY (AXIAL COMPRESSION) 


FAILURE MCJDE STRAIN -TOTAL LOAD. MARGINS 



(MICRO) 

(1000 LB) 

(LB/IN) 

(X STFNR) 

(X) 

SKIN BUCKLING 

481. 

4.8 

533. 

61.80 

5.0 

EULER BUCKLING 

7680. 

76.6 

8507. 

86.60 

1576.1 

STIFFENER CRIPPLING 

15000. 

54.8 

6093. 

90.03 

1692.0 

STIFFENER/SKIN 

SEFARATICXI 

15000. 

54.8 

6093. 

90.03 

1692.0 


AXIAL LOAD IN STIFFENER BEFORE BUCK (2) - 49.28 
AXIAL LOAD IN STIFFENER AT FAILURE (X) - 80.03 
SIW^ BAY LOAD AT FAILURE (LBS/INCB) - 6082.78 


LOWEST MARGIN (X) - 1692. 

CRITICAL FAILURE STRAIN (MICRO) - 15000. 

CRITICAL FAILURE HXE - STIFFENER/SKIN SEPARATION 

CRITICAL AXIAL COMPRESSION LOAD (LB/IN) « 6093. 


1 CASE NUMBER; 1 

LOAD NUMBER: 2 OF 3 
NX .00 

NY .00 

NXY ; 1070.00 


Figure 21. Design Demonstration Example Analysis (Continued) 
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FAILURE MALXSZS SUMMRI (fflEAR LOAD OILY) 


APPLIED SHEAR FLOW MXY 


(LB/IR) • 1070.00 


SKIH SHEAR BUCKLIH8 HXTCR 

(LB/IH) - 

210.00 


SKIH SHEAR BUCK STRAIH 

(MICRO) - 

980.35 


DIAGCMAL TERSIOH FACTOR K 


m 

.340 


DIAOOKAL TERSIOH AM6LE ALPHA 

(DEG) - 

43.510 


STIFFEHER RIGIDITY MARSIH 


(Z) - 

5804.40 


FAILURE MODE 

STRAIH 

STRESS 

MAR6IHS 


(MICRO) 

(KSI) 

(Z) 


ALLOW 

ACTUAL 



SKIH BUCKLIH6 

080. 

A995. 

3.365 

-80. 

STRIHQBR FORCED CRIPPLIH6 

1088. 

148A. 

-8.702 

34. 

FRAME FORCED CRIPPLIHG 

2190. 

2085. 

-15.130 

5. 

SIRIM3HR EULER BOCKLIHO 

15195. 

662. 

-3.870 

2197. 

FRAME EULER BOCKLIHO 

867003. 

626. 

-4.555 

138048. 

STRUUR SKIH SEPARATIOH 

1068. 

1484. 

-8.702 

34. 

IRAIS SKIH SEPARATIOM 

2100. 

2085. 

-15.130 

5. 

STRIHKR STATIC COHPRESSR 

11500. 

1484. 

-8.702 

675. 

FRAME STATIC COORESSIOH 

11500. 

2085. 

-15.130 

452. 

SKIH TEHSILE RUPTURE 

6600. 

3054. 

25.320 

116. 

LOHEST HARGIH 


(Z) - 

5. 


CRITICAL FAILURE STRAIH 

(MICRO) - 

2100. 



CRITICAL FAILURE MXE 
CRITICAL SHEAR LOAD 


- FRAMB/SKIH SEPARATIOH 
(LB/IM) • 1116. 


CASE HUMBER 

LOAD HUMBER 

HX 

HT 

HXT 


1 

3 OF 3 
3AO.OO 
.00 
1070.00 


FAILURE AHALTSIS SUNIARY (AXIAL (XHERESSIOH) 


FAILURE HOOE 

STRAIH 


TOTAL LOAD- 


MAR6IHS 


(MICRO) 

(1000 LB) 

(LB/IH) 

(Z STFHR) 

(Z) 

SKIH BUCXL1H6 

481. 

4.8 

533. 

61.60 

5.0 

EULER BUCKLIHG 

7680. 

76.6 

8507. 

86.80 

1578.1 

STIFFEHER CRIPPLIHG 
STIFPEHER/SKIH 

15000. 

54.8 

6003. 

00.03 

1602.0 

SEPARATIOH 

15000. 

54.8 

6093. 

00.03 

1692.0 


AXIAL LOAD IH STIFFEHER BEFORE BUCK (Z) - AB.ZB 
AXIAL LOAD IH STIFFEHER AT FAILURE (Z) • 00.03 
SIIira.E BAT LOAD AT FAILURE (LBS/IHCB) > 6092.7B 


LOMEST HAR6IH (Z) - 1602. 

CRITICAL FAILURE STRAIH (MICRO) > 15000. 

CRITICAL FAILURE MODE - STIFFEHER/8XIR SEPARATIOH 

CRITICAL AXIAL CCNFRESSIOH LOAD (LB/IH) - 6093. 


FAILURE AHALTSIS SOtMRT (SHEAR LOAD CRLT) 


APPLIED SHEAR FLOW HXT 
SKIH SHEAR BOCELUB HXICR 
SEIH SHEAR BDCE STRAIH 
OIAflORAL TERSIOH FACTOR K 
DIASORAL TEHSIOR AMU ALPHA 
STIFmBR RIOIDITT HAHBIH 


(LB/IH) • 1070.00 
(LB/IH) - 175.51 
(mcSO) « 610.36 
- .37A 

(DES) - A3.563 
(Z) • S60A.40 


Figure 21. Design Demonstration Ex 
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(X) 


ALLOW 
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SKIH BUCKLIMO 

S19. 

4893. 

2.813 

-84. 

siKiN^ FCBCBD oumiiie 

2118. 

1742. 

-10.212 

22. 

FRAME FORCED CRIPFLIH6 

23A3. 

2341. 

-16.988 

0. 

snUNQER EULER BUCELIRG 

1318S. 

786. 

-4.608 

1833. 

FRAME EULER BUCKLIMO 

867003. 

713. 

-3.177 

121448. 

STRINGER SKIM SEFARATIOH 

2118. 

1742. 

-10.212 

22. 

FRAME SKIN SEPARATION 

2343. 

2341. 

-16.988 

0. 

STRINISR STATIC COMFRESSM 

IISOO. 

1742. 

-10.212 

360. 

FRA« STATIC OOMFRESSIOM 

11300. 

2341. 

-18.988 

391. 

SKIM TENSILE RUPTURE 

6600. 

3110. 

23.786 

112. 

LOWEST MARGIN 


(2) - 

0. 


CRITICAL FAILURE STRAIN 

(MICRO) - 

2343. 


CRITICAL FAILURE MXE 


• 

FRAME/SKIN SEPARATION I 

CRITICAL SHEAR LOAD 

(LB/IN) - 

1071. 



Figure 21. Design Demonstration Example Analysis (Concluded) 






REFERENCES 


1. Deo, R.B., Agarval, B.L., Madenci, E., "Design Methodology and Life 
Analysis of Postbuckled Metal and Composite Panels," Final Report, Volvune 
I, Contract F33615-81-C-3208, August 1985. 

2. Deo, R.B., and Kan, H.P., "Design Development and Durability Validation 
of Postbuckled Composite and Metal Panels," Final Report, Volume V, 
Automated Data Systems Documentation, Contract F33615-84-C-3220, WRDC-TR- 
89-3030, November 1989. 

3. Deo, R.B., Kan, H.P., and Bhatia, N.M., "Design Development and 

Durability Validation of Postbuckled Composite and Metal Panels", Final 
Report Voltime III - Analysis and Test Results, WRDC-TR-89-3030, Contract 
F33615-84-C-3220, November 1989. 

4. Agarwal, B. , and Davis, R.C., "Minimxam Weight Designs for Hat Stiffened 
Composite Panels Under Uniaxial Compression," NASA TND-7779, November 
1974. 

5. Williams, J.G., and Mlkulas, M.M., "Analytical and Experimental Study of 
Structurally Efficient Composite Hat-Stiffened Panels Loaded in Axial 
Compression," NASA-TMX-72813, January 1976. 

6. Williams, J.G., and Stein, M., "Buckling Behavior and Structural 
Efficiency of Open-Section Stiffened Composite Compression Panels," AIAA 
Journal, Volume 14, No. 11, November 1976, pp. 1618-1626. 

7. Stroud, W.J., Agranoff, N. , and Anderson, M.S., "Minimum Mass Design of 
Filamentary Composite Panels Under Combined Loads; Design Procedure 
Based on Rigorous Buckling Analysis," NASA TND-8417, July 1977. 


57 





8. Wilkins, D.J., "Anisotropic Curved Panel Analysis," General Dynaaics, 
Convair Aerospace Division Report FZM-5567, May 1973. 

9. Bruhn, E.F., "Analysis and Design of Flight Vehicle Structures," 1973. 

10. Deo, R.B., Bhatia, N.M., and Kan, H.P., "Design Development and 
Durability Validation of Postbuckled Composite and Metal Panels," Final 
Report Volume II - Test Results, WRDC-TR-89-3030, Contract F33615-84-C- 
3220, November 1989. 


T 


58 





